Down syndrome (DS) is the most common liveborn autosomal chromosomal anomaly and is a major cause of developmental disability. Atypical brain development and the resulting intellectual disability originate during the fetal period. Perinatal interventions to correct such aberrant development are on the horizon in preclinical studies. However, we lack tools to sensitively measure aberrant structural brain development in living human fetuses with DS. In this study, we aimed to develop safe and precise neuroimaging measures to monitor fetal brain development in DS. We measured growth patterns of regional brain structures in 10 fetal brains with DS (29.1 ± 4.2, weeks of gestation, mean ± SD, range 21.7∼35.1) and 12 control fetuses (25.2 ± 5.0, range 18.6∼33.3) using regional volumetric analysis of fetal brain MRI. All cases with DS had confirmed karyotypes. We performed non-linear regression models to compare fitted regional growth curves between DS and controls. We found decreased growth trajectories of the cortical plate (P = 0.033), the subcortical parenchyma (P = 0.010), and the cerebellar hemispheres (P < 0.0001) in DS compared to controls. This study provides proof of principle that regional volumetric analysis of fetal brain MRI facilitates successful evaluation of brain development in living fetuses with DS.
Introduction
Down syndrome (DS) is the most common liveborn autosomal chromosomal anomaly and a major cause of developmental disability. Annually, about 5000 babies are born with DS in the US (de Graaf et al. 2016; CDC 2018) . Recent advances in prenatal screening for DS using sequencing of cell-free DNA in maternal plasma raises the possibility of early interventions to improve neurocognition (Bianchi and Chiu 2018) . Individuals with DS are now living longer, with the median life span being 58 years of age (de Graaf et al. 2016) . With individuals experiencing a continuum of life-long pathology originating in the fetal period, there is a desire to intervene as early as the fetal period to improve outcomes (Guedj and Bianchi 2013) . However, to determine the impact of interventions, it would be helpful to have methods that measure the severity of the phenotype.
Quantitative analyses of brain magnetic resonance imaging (MRI) have been used to document neuropathology in children with DS (Jernigan and Bellugi 1990; Raz et al. 1995; Frangou et al. 1997; Pearlson et al. 1998; Aylward et al. 1999; Pinter et al. 2001; Kates et al. 2002; Rigoldi et al. 2009; Smigielska-Kuzia et al. 2011; Carducci et al. 2013; Lee et al. 2016) . Children with DS have smaller frontal and temporal lobes, hippocampus, and cerebellum measured by manual segmentation and volume reconstruction of whole brain and substructures (Jernigan and Bellugi 1990; Raz et al. 1995; Frangou et al. 1997; Pearlson et al. 1998; Aylward et al. 1999; Pinter et al. 2001; Kates et al. 2002; Smigielska-Kuzia et al. 2011) or by whole-brain voxelbased morphometry (Rigoldi et al. 2009; Carducci et al. 2013 ; Lee et al. 2016 ).
Brain anatomical changes in people with DS are associated with neurodevelopmental deficits. Decreased cerebellar vermian volume is associated with poorer gait quality (Rigoldi et al. 2009 ). Decreased regional gray matter T1 signal densities in the frontal and temporal lobes are associated with deficits in linguistic function and short-and long-term memory, respectively (Menghini et al. 2011) . Therefore, having a precise anatomical description could eventually allow clinicians to predict the potential degree of developmental disability observed in individuals with DS.
In contrast to information available after birth, little is known about brain development in living fetuses with DS. Most data are derived from fetopsy and not from the observation of living fetuses. Fetopsies have found decreased volumes in the temporal lobes and cerebellum, likely associated with decreased neurogenesis, altered neuronal differentiation, and apoptosis in broad regions of fetal brain (Golden and Hyman 1994; GuihardCosta et al. 2006; Guidi et al. 2008; Bhattacharyya et al. 2009; Kanaumi et al. 2013; Guidi et al. 2018) . These findings suggest that the brain pathology in DS originates in utero and continues over the lifespan. To the best of our knowledge, however, there has been no in vivo MRI study of fetuses with DS. We hypothesize that such a study will enable physicians and scientists to better evaluate and understand human brain development in living fetuses with DS. Fetal brain MRI is a robust and safe neuroimaging modality to evaluate fetal brain pathologies. One of its advantages over sonography is that post-acquisition quantitative analyses can be performed, such as volumetric and cerebral surface-based analyses Studholme 2015) . Analysis of fetal brain MRIs has successfully detected subtle developmental aberrations in regional structural growth and cerebral sulcal development in fetuses with brain malformations such as cerebral ventriculomegaly (Biegon and Hoffmann 2014; Benkarim et al. 2018) , polymicrogyria (Im et al. 2017) , and agenesis of corpus callosum (Tarui et al. 2018) . One of its advantages over fetopsy is that MRI can be applied safely to living fetuses also allows a study of inter-individual variations at various time points during development.
In this study, we performed post-acquisition semi-manual segmentation and volumetric MRI analyses to precisely measure patterns of regional brain growth in living fetuses with DS from the second to third trimesters of pregnancy.
Materials and Methods

Subjects
The study was approved by the Institutional Review Boards of Tufts Medical Center (TMC) and Boston Children's Hospital (BCH). The inclusion criteria were the following: prenatal diagnosis of DS was made by either positive cell-free DNA screens confirmed by fetal or neonatal karyotype/chromosomal microarrays (CMA) or an initial prenatal diagnostic procedure such as amniocentesis or chorionic villus sampling (CVS), with karyotype-/CMA. Based on professional guidelines and recommendations from the National Society of Genetic Counselors (NSGC) (Wilson et al. 2013) , the International Society for Ultrasound in Obstetrics and Gynecology (ISUOG) (Salomon et al. 2014) , the Society for Maternal-Fetal Medicine (SMFM) (Society for Maternal-Fetal Medicine Publications Committee. Electronic address eso 2015), and the American College of Medical Genetics and Genomics (ACMG) (Gregg et al. 2016) , all women who have positive cellfree DNA screening results for DS were offered amniocentesis or CVS for confirmative diagnosis, although not all of the pregnant women in this study opted to do so. All newborns that did not have confirmative prenatal diagnosis were confirmed with karyotype diagnosis after birth. Prenatal and postnatal diagnosis of major anomalies (congenital heart disorders, gastrointestinal anomalies, etc.) were also recorded (Table 1) .
Written informed consent was obtained from the pregnant women whose fetuses were diagnosed with DS at the visit to TMC prior to fetal MRI. One case of fetal MRI with DS was added from the archived radiology images of BCH. Informed consent process was exempt due to retrospective identification of the case. Healthy pregnant women with uncomplicated pregnancies from the obstetric clinic were recruited as controls (CT). Inclusion criteria for pregnant women with DS or CT were: maternal age 18-45 years; gestational age 18-36 weeks. We excluded multiple gestation pregnancies, fetuses with dysmorphic features on ultrasound examination, other brain malformations or brain lesions, and known congenital infections. We also excluded subjects as healthy controls if the fetal MRI identified any abnormality. Images were excluded if significant motion or other artifacts that degraded image quality were present. A pediatric neurologist (T.T.) and a neuroradiologist (N.M.) performed conventional MRI studies to detect associated anomalies.
MRI Acquisition
Fetal brains were scanned using T2 weighted HASTE (halffourier acquisition single-shot turbo spin-echo) MRI sequence on a Phillips 1.5 T scanner (TMC). One case from BCH was scanned by Siemens Binney 7, Skyra 3 tesla MRI. We used body coils that were routinely used for pelvis MRI. The following sequence was used for each subject: time repetition = ∼12.5 s, time echo = 180 ms, field of view = 256 mm, in-plane resolution = 1 mm, slice thickness = 2-3 mm. The HASTE acquisition was acquired at least 3 times in different orthogonal orientations. In addition to these, 3 to 12 HASTE scans (depending on the severity of the motion artifacts) oriented at ∼30 • -45 • relative to the original 3 orthogonal scans were acquired for reliable image post-processing.
Preprocessing for Quantitative Fetal MRI Analysis
Multiple HASTE acquisitions were processed to correct for slice to slice fetal head motion and to perform isotropic highresolution volume reconstructions (voxel size: 0.75 × 0.75 × 0.75 [mm]) (Kuklisova-Murgasova et al. 2012; Im et al. 2017; Tarui et al. 2018) (Fig. 1a,b) . Quality of reconstructed volume was visually inspected in focus of continuity of cortical plate, partial volume effect in the boundaries of cortical plate, and cerebrospinal fluid. The volume images of each subject were manually aligned along the anterior and posterior commissure (AC-PC) points using AFNI (afni.nimh.nih.gov/afni) (Cox 2012) .
Volumetric Analysis
In coronal images of reconstructed and aligned volume images, the regional structures of the brain-cortical plate, subcortical parenchyma, cerebellar hemispheres, vermis, brainstem, lateral-, third-, and fourth ventricles-were manually segmented on each slice using intensity value ranges and corrected by examining on orthogonal axial and sagittal planes using FreeView (surfer.nmr.mgh.harvard.edu) (Fig.1d) . Because the signal intensity and anatomical structures recognized in fetal brain is different to adult/matured brain, we did not use signal intensity-based automatic segmentation that is offered by FreeView. All segmentation was done manually. Because of limited tissue contrast, structures such as developing white matter (intermediate zones, subplate, etc.), basal ganglia, etc. were segmented as one subcortical parenchymal region. The border between subcortical parenchyma and brainstem was determined in the coronal plane as the line between the lateral and highest ends of bilateral transverse fissures (Fig.1c,d ). To increase inter-rater reliability, all investigators underwent training segmentations of practice brains to have consistent performance among raters before the actual segmentations of the subjects' data. Regional structural volumes were computed by reconstruction of consecutive planes of segmented coronal images using Slicer 4.8.1 (slicer.org) (Fig. 1e) .
Surface Area Analysis
Based on segmentation data, the inner cerebral (subcortical parenchyma) surface was extracted using surface-mesh models in each cerebral hemisphere as described previously (Tarui et al. 2018) . The inner cerebral surface reflects the gray/white matter border surface. The area of this surface was calculated using Freesurfer (surfer.nmr.mgh.harvard.edu). The thickness of the cortical plate in the second and third trimester (∼1 mm) is close to the imaging resolution determined by voxel size (0.75 mm). Therefore, the outer cerebral (pial) surface was not extracted, as it can be distorted by the smoothening process due to the thin cortical plate.
Statistical Analysis
The gestational age distribution between the CT and DS groups was compared using an independent sample t-test. Group differences in sex ratios were assessed using a Fisher's exact test. As regional structural volume is significantly associated with gestational age in the fetal period Scott et al. 2013) , fitted growth curves of regional structures in DS and CT were compared by modeling regional volumes as a function of gestational age using a non-linear regression model. The extra sum-of-squares F test was used to compare a model in which separate best-fit values for some parameters are found for each group, or a model where those parameters are shared among groups. Significance was set at a P-value < 0.05. If the separated curves had a significantly better fit, the CT and DS groups were determined to have distinct growth curves. Inner cerebral surface area was also considered to be a function of gestational age. Best fitted growth curves of inner cerebral surface area in DS and CT were compared using a linear regression model with following equation: Y (surface area) = b0 + b1group + b2age + b3group x age + e. Group differences in slopes and intercepts were tested using Prism (v7.0e, La Jolla, CA) with a P-value < 0.05 set as significance.
For inter-rater reliability test, we calculated Dice's coefficients of regional volume segmentations performed by 2 investigators (between TT and RK, TT and SA) in 4 brains (BM12, BM63, BM92, and DS10).
Results
Subjects
Twenty-five pregnant women were recruited into the study. Of these, 13 were carrying fetuses with DS and 12 were carrying control fetuses. One fetus with DS had two MRIs. Two fetuses with DS died in utero before the fetal MRI scan. One fetus with DS was excluded due to termination of pregnancy before the fetal MRI scan. Two fetal MRIs were severely degraded by artifacts and could not be analyzed. One fetal MRI with DS was added from the archive (confirmed with amniocentesis). As a result, 22 fetal brains were analyzed for volumetrics including 10 fetal brains with DS (13+1-2-1-2+1) and 12 CT fetuses ( Supplementary Fig. 1 ). The demographics of the analyzed cases are summarized in Table 1 . The gestational ages of the MRI studies (DS, CT; mean ± SD [range]) were, respectively, 29.1 ± 4.2 (21.7∼35.1) and 25.2 ± 5.0 (18.6∼33.3) gestational weeks (P = 0.06, t-test). Fetal sex was not significantly different between fetuses with DS and CT (female DS 50.0%, CT 33.3%, P = 0.67, Fisher's exact test). Maternal age was higher in DS compared to CT (35.4 ± 4.8 (30∼44), 29.1 ± 4.5 (22∼34) year, P = 0.005, t-test). All pregnancies but one had no associated risk factors such as gestational hypertension, diabetes, medications, smoking, alcohol, or recreational drug consumption. One DS pregnancy (BDS-02) was complicated with maternal fibromyalgia and medications of duloxetine and pregabalin (Table 1 ). All images were processed for motion correction, volume reconstruction, and AC-PC alignment.
Fetal MRI Findings in DS
There was no ventriculomegaly, defined as atrial width 10 mm in the coronal plane, detected in fetuses with DS and none developed hydrocephalus by obstetrical ultrasound monitoring. By visual assessment of the MRI, no apparent cerebellar hypoplasia was appreciated, such as cerebellar hemispheric hypoplasia or vermian hypoplasia. The parenchymal signal in the T2 sequence was also normal. Fetal MR images of DS cases are presented in Supplementary Fig. 1 .
Volumetric Analysis
Regional volume was considered to be a function of gestational age. Therefore, growth trajectory as a function of gestational age was modeled. Growth trajectories of regional volume were modeled according to non-linear regression models and compared between fetuses with DS and CT. We found exponential curves fit best to gestational age-regional volume Fetuses with DS had decreased cerebellar hemispheric (P < 0.0001), whole cerebellum (P = 0.043), cortical plate (P = 0.033), and subcortical parenchymal volume (P = 0.010) compared to CT. Such differences began around 28 weeks and increased as gestation progressed. No significant differences were observed in whole brain (P = 0.115), whole cerebrum (P = 0.126), or vermian (P = 0.869) volumes (Fig. 2) . The growth trajectories of lateral ventricular (P = 0.794) or whole ventricular (P = 0.965) volumes were not significantly different between DS and CT. However, intragroup variation was large in both groups, which made group comparison difficult (CT: R 2 = 0.20, 0.30; DS: 0.11, 0.22, respectively) (Fig. 3) . We also analyzed growth trajectories of left-and right-sided structures separately for cortical plate, subcortical parenchyma, cerebellar hemispheres, and lateral ventricles. The differences were only significant in right cerebellar hemispheres (P = 0.015).
For inter-rater reliability test, Dice's coefficients of regional volume segmentations performed by 2 investigators (between TT and RK, TT and SA) were calculated in 4 brains (BM12, BM63, BM92, and DS10). 
Surface Area Analysis
The inner cerebral surfaces from 9 of 12 CT and 7 of 10 DS fetal brains were successfully reconstructed. The growth trajectories of inner cerebral surface area were modeled to linear regression models. In the right cerebral hemisphere, fetuses with DS had smaller growth trajectories of the inner cerebral surface area than CT fetuses (P = 0.036). In the left cerebral hemisphere, there were no group differences (P = 0.077) (Fig. 4) .
Discussion
We successfully used quantitative fetal brain MRI analyses of living fetuses with DS to identify decreased cerebral cortical plate, subcortical parenchymal, and cerebellar hemispheric growths compared to CT fetuses. Such changes are detectable after 28 weeks of gestation and increase over time. This study provided proof of principle that fetal brain MRI facilitates successful evaluation of brain development in living fetuses with DS.
Fetal Cerebrum in DS
The findings of the current study are consistent with prior morphological and biometric analyses originating from fetopsy studies in DS. In gross anatomical studies of the cerebrum, biometric measurements of fetopsy specimens identified decreased cerebral and cerebellar sizes during the fetal period, as early as 23 weeks of gestation (Golden and Hyman 1994; Guihard-Costa et al. 2006) . Histological analyses found reduced cortical plate thickness, less discrete laminar structures, as well as alterations in laminar cell density in the supra temporal gyrus (Golden and Hyman 1994) . Such changes appeared to be caused by decreased neurogenesis (Guidi et al. 2008; Guidi et al. 2018) including decreased cortical interneurons (Bhattacharyya et al. 2009 ) and hippocampal neurons (Guidi et al. 2008 ). In addition, decreased cells with glial lineages have been documented (Kanaumi et al. 2013) . Others have suggested that increased apoptosis can contribute lesser neurons in the developing hippocampi of fetuses with DS (Guidi et al. 2008) . Those fetopsy studies detected such developmental alterations as early as 17 weeks (Guidi et al. 2008; Guidi et al. 2011) . In this MRI study, decreased regional growths were detected around 28 weeks, which may be either due to the time lag from development of histological changes to macroanatomical changes, or small number of subjects in earlier gestation. Inclusion of larger number of younger gestational age fetuses may possibly detect growth differences in earlier age.
Reduction in cortical volume may be contributed by a reduction in cortical surface area rather than cortical thickness in youth with DS (Lee et al. 2016) . We found reduction in the cerebral inner surface area in the right, but not in the left hemisphere. Our method did not allow a measure of cortical plate thickness because the imaging resolution determined by voxel size (0.75 mm) is similar to cortical plate thickness of fetuses in this age range (∼1 mm). We therefore defer the conclusion to a larger scale study to determine if the reduction in cortical volume is due to reduction in surface area or thickness. Further cerebral surface analysis, including sulcal developmental pattern analysis, is under way. We did not find differences in the whole cerebrum volume between fetuses with DS and CT, despite differences in the cortical plate and subcortical parenchyma. This may be due to low power. In the analysis of cortical plate and subcortical parenchyma, we used data from each hemisphere separately, while we measured both hemisphere data to calculate whole cerebrum volume, which resulted in a decrease in data points.
Fetal Subcortical Structures in DS
Growing evidence of fetal white matter developmental anomalies has been reported in animal models of DS (Olmos-Serrano et al. 2016) and human fetopsy studies (Zdaniuk et al. 2011; Kanaumi et al. 2013; Sarnat and Flores-Sarnat 2016) . Studies have suggested reduction in non-neuronal cellular proliferation (Kanaumi et al. 2013 ) and alterations in oligodentrocyte development (Olmos-Serrano et al. 2016) . We found that such cellular level changes in white matter result in a reduction in subcortical parenchymal volume that becomes apparent after 28 weeks. This is consistent with white matter volume reduction observed in volumetric MRI in children with DS (Kates et al. 2002) . MRI tissue contrast resolution limits separating developing white matter and other subcortical structures such as basal ganglia. On the other hand, it is a critical advantage of the fetal MRI method that it could non-invasively and sensitively detect another key developmental aberration in DS fetal brains. Implications of each regional growth aberration on specific domains of neurodevelopmental function have yet to be tested in an ongoing longitudinal fetal-neonatal cohort follow-up study.
Fetal Cerebellum in DS
Decreased cerebellar growth is a well-known cardinal feature of fetal brain development in DS. Detailed gross anatomical and histological studies from the Bartesaghi laboratory have identified cerebellar developmental changes such as immature morphology (shallower fissures, reduced number of lobuli) and reduced growth of the cerebellum that is caused by decreased neurogenesis in cerebellar germinal matrix and a resulting reduced neuronal number in the cerebellum (Guidi et al. 2011 ). However, non-invasive evaluation of fetal cerebellum in DS has been challenging without sufficient sensitivity to detect such differences (Hill et al. 1991) . This is a common challenge for obstetric sonography to evaluate posterior fossa structures (Griffiths et al. 2017) . In contrast, fetal MRI has an advantage over sonography to evaluate posterior fossa structures, including the cerebellum. Our study has identified lagging cerebellar growth after 28 weeks. In the conventional visual review of fetal MRI, such decreases in cerebellar volume are not appreciated. Although decreased growth in the cortical plate, subcortical parenchyma, and cerebellum were recognized in our quantitative fetal brain MRI analyses, these observations were based on small number of cases. A larger scale study is needed to determine the range of variable growth patterns in each individual fetus and their association with future neurodevelopmental outcomes.
Life-Long Continuum of Brain Pathology in DS
Our observation of decreased cerebral cortical plate, subcortical parenchymal, and cerebellar development is consistent with observations in older children. Children with DS (mean age 11.3 ± 5.2 years, 6.7 ± 3.7 years, in subsequent studies) have reduced volumes in the hippocampus and frontal and temporal lobes (Pinter et al. 2001; Smigielska-Kuzia et al. 2011) . At older ages, such changes were also seen in adult individuals with DS without dementia (age range 25.3-62.5 years), as reductions of cerebellum, cingulate gyrus, left medial frontal lobe, right middle/superior temporal gyrus, and left CA2/CA3 regions of hippocampus (White et al. 2003; Teipel et al. 2004) .
We believe that decreased subcortical parenchymal growth is a novel finding in fetuses with DS. In older children, white matter volumes were also reduced in cerebellum, frontal and parietal lobes, sub-lobar regions, and brainstem (Carducci et al. 2013) . Therefore, white matter changes observed in the fetal period may also result in life-long pathology in DS from the fetal to postnatal periods. Putting all of these findings and our data together, we hypothesize that the neuropathology of DS is a life-long continuum that originates in the fetal period as early as 28 weeks and continues toward childhood and adulthood. It has phases of developmental, maturational, and degenerative processes that overlap and transition one to another. It is important to understand this continuum for development of therapies for DS targeting neuropathology and to designing drug that are specific for each developmental stage.
At this moment, the quantitative fetal MRI method has limitations in resolution. Our method is unable to segment smaller substructures, such as basal ganglia and the hippocampus, which may be a region of interest to sensitively detect pathological changes of DS. We are developing regional analytic methods to implement both volumetric and sulcal development analyses.
In this study, we identified developmental differences between fetuses with and without DS. To utilize such precise anatomical information in association with an individual's neurodevelopmental outcomes, future studies will need to detect inter-individual variations in brain development as well as to follow cohorts through childhood to associate their developmental outcomes.
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